Renin, the rate-limiting enzyme in the activation of the reninangiotensin system (RAS), is synthesized and stored in cardiac mast cells.
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Introduction
In addition to the traditional circulating renin-angiotensin system (RAS) (Peach, 1977; Campbell, 1987) , it is now recognized that a local RAS exists in various organs, including the heart (Dzau, 1987; Dostal and Baker, 1999; Barlucchi et al., 2001; Bader, 2002; Carey and Siragy, 2003) . We recently reported that renin, the rate-limiting enzyme of the RAS cascade, is synthesized and stored in cardiac mast cells (Silver et al., 2004) , from where it is released in active form by exogenous chemicals such as compound 48/80, by aggregation of mast cell-bound antibodies (Kano et al., 2007; Veerappan et al., 2008) or in the course of ischemia/reperfusion (Mackins et al., 2006) by reactive oxygen species (Koda et al., 2010) . Once released, mast cell-derived renin initiates the activation of a local RAS culminating in angiotensin (ANG II)-and norepinephrine (NE)-mediated arrhythmias (Mackins et al., 2006) . (Keith et al., 1995; Domeij et al., 1996; Bauer and Razin, 2000) , including the heart (Laine et al., 2000; Silver et al., 2004) , an organ which is amply innervated by afferent sensory fibers (Franco-Cereceda, 1988; Zahner et al., 2003; Camici and Pagani, 2006; Ieda and Fukuda, 2009) . Stimulation of cardiac sensory nerves, as it occurs in ischemia/reperfusion (Eaton et al., 1999; Trevisani et al., 2007) , elicits the release of neuropeptides (CGRP and Substance P) (Chiao and Caldwell, 1996; Källner et al., 1998) . We hypothesized that by causing degranulation of neighboring mast cells (Imamura et al., 1996; Lorenz et al., 1998) , these neurotransmitters might promote renin release, thus activating a local RAS, This article has not been copyedited and formatted. The final version may differ from this version.
Mast cells are closely apposed to nerves in various tissues
JPET Fast Forward. Published on as DOI: 10.1124 at ASPET Journals on July 7, 2017 jpet.aspetjournals.org Downloaded from JPET #172262 6 ultimately inducing cardiac dysfunction. We tested this hypothesis in whole guinea-pig hearts ex vivo, in cardiac nerve terminals in vitro and in cultured mast cells. We show that neuropeptides released from sensory nerve fibers play an important role in the release of mast cell renin in ischemia/reperfusion and in the activation of a local cardiac RAS.
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Materials and Methods
Perfusion of Guinea-Pig Hearts ex vivo.
All experiments were approved by the Institutional Animal Care and Use Committee of Weill Medical College of Cornell University. Male guinea pigs (Charles River Laboratories, Kingston, NY) weighing 300-350 g were anesthetized with CO 2 and euthanized by stunning. Hearts were quickly excised and perfused with oxygenated Ringer's solution at 37°C at a constant pressure (40 cm H 2 O) via an aortic cannula in a Langendorff apparatus (Radnoti Glass Technology, Monrovia, CA) (Mackins et al., 2006) . Spontaneously beating hearts were stabilized for 30 min prior to experimentation. When used, capsaicin was continuously perfused for 6 min. Normothermic global ischemia was induced by complete cessation of coronary perfusion for 20 min, followed by 30 min of reperfusion. In some cases, hearts were continuously perfused with pharmacological agents 10 min prior to and during perfusion with capsaicin (i.e., CGRP , CP99994, cromolyn, EXP3174 and imetit) or prior to induction of ischemia and during reperfusion (i.e., CGRP 8-37 and CP99994). Coronary flow was measured by timed collections of the effluent every 2 min and all samples were assayed for renin, NE, CGRP and Substance P. Surface electrocardiogram (ECG) was obtained from leads attached to the left ventricle and the right atrium and analyzed using PowerLab/8SP (ADInstruments, Colorado Springs, CO).
Reperfusion arrhythmias were analyzed according to the Lambeth Conventions (Walker et al., 1988) .
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Cell Culture
The human mastocytoma cell line (HMC-1) was a gift from Dr. I. Biaggioni (Vanderbilt University, Nashville, TN). Cells were maintained in Iscove's modified Dulbecco's medium supplemented with 25 mM HEPES, 2 mM L-glutamine, 10 % FBS, 50 U/ml penicillin, 50 μ g/ml streptomycin and 1.2 mM monothioglycerol at 37°C, 5% CO 2 (Silver et al., 2004) .
β -hexosaminidase Assay
Pooled confluent flasks of HMC-1 cells were pelleted and resuspended in Ringer's solution containing (mM) NaCl, 140; KCl, 5; Hepes, 10; MgCl 2 , 1; glucose, 2; CaCl 2 , 2; pH 7.4. HMC-1 cells were incubated with increasing concentrations of Substance P or acetaldehyde for 30 min at 37°C. Where appropriate, the cells were incubated for 10 min with CP99994 prior to and throughout the duration of exposure to Substance P. Following drug treatment, samples were pelleted by centrifugation at 2000 x g for 8 min at 4°C and the levels of β -hexosaminidase determined using a modification of a previously established method (Schwartz et al., 1979) . Firstly, to measure β -hexosaminidase in the releasate, the HMC-1 sample supernatants were placed in a well of a 96-well plate with substrate solution (p-nitrophenyl-N-acetyl-β-Dglucosaminide, 1.3 mg/ml in 0.1 M citrate buffer, pH 4.5) and incubated for 90 min at 37°C. The reaction was stopped with the addition of 0.2 M glycine (pH 10.7). Optical density was read at 405 nM using a plate reader in combination with SoftMax Pro 4.8 (Molecular Devices, Sunnyvale, CA). To measure the total This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on as DOI: 10.1124 at ASPET Journals on July 7, 2017 jpet.aspetjournals.org Downloaded from JPET #172262 9 amount of β -hexosaminidase, the samples were lysed with 1X lysis buffer (Cell Signaling Technology, Danvers, MA) for 15 min. The samples were then centrifuged at 13,000 rpm for 10 min at 4°C and the lysate supernatant removed and treated as described for the releasate supernatant.
Renin Assay
Samples of coronary effluent were immediately concentrated 8-fold by centrifugal filtration (Millipore, Burlington, MA). Concentrated samples were incubated for 18 h with 240 nM human angiotensinogen (EMD Biosciences, La Jolla, CA). Samples of HMC-1 releasate were incubated for 1.5 h with 200 nM renin substrate tetradecapeptide (Sigma-Aldrich, St Louis, MO). Renin activity was determined by Gammacoat Plasma Renin Activity 125 I Radioimmunoassay (Diasorin, Stillwater, MN) as previously described (Mackins et al., 2006) . The detection limit was approximately 0.01 pmol.
Cardiac Synaptosomes
Guinea-pig hearts were isolated as described for the perfusion of guineapig hearts ex vivo. These spontaneously beating hearts were perfused through the aorta for 15 min at constant pressure (40 cm of H 2 O) with Ringer's solution at C), the supernatant was assayed for NE and Substance P content and the pellet was assayed for protein content by a modified Lowry procedure (Seyedi et al., 1997) .
Norepinephrine Assay
Coronary effluent and synaptosomal supernatants were assayed for NE by HPLC with electrochemical detection as previously described (Seyedi et al., 2005 
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( Figure 2A and B). The release of these peptides was accompanied by a ~3-fold increase in the overflow of renin and NE ( Figure 3A and B).
Perfusion of guinea-pig hearts with the mast cell stabilizer cromolyn (300 µM) attenuated the capsaicin-induced increase in renin and NE overflow by ~65% ( Fig. 3A and B), indicating that the renin released into the coronary effluent of capsaicin-perfused hearts originated from mast cells, and suggesting that the release of NE was secondary to the release of mast cell renin. Notably, when HMC-1 mast cells in culture were incubated with Substance P (30 nM-1 µM) this resulted in a concentration-dependent release of β -hexosaminidase (an index of their degranulation) and of renin ( Fig. 4A and B ). This effect was prevented by pre-incubation of HMC-1 cells with the specific Substance P receptor antagonist CP99994 (100 nM) ( Fig. 4A and B) . In contrast, incubation of HMC-1 cells with capsaicin (1 µM) failed to degranulate mast cells (i.e., β-hexosaminidase release increased by 4.36 ± 1.20 and 5.24 ± 1.79 % in control and capsaicin-treated conditions, respectively; n=4). This indicated that capsaicin did not directly degranulate mast cells, but enhanced renin overflow by releasing mast celldegranulating neuropeptides from sensory C-fibers.
Neuropeptides released from cardiac sensory C-fibers degranulate local mast cells, thereby releasing renin and activating a local cardiac RAS.
Perfusion of guinea-pig hearts with the specific Substance P receptor antagonist CP99994 (100 nM) or with the specific CGRP receptor antagonist CGRP 8-37 (100 nM) each prevented the increases in renin and NE overflows elicited by capsaicin ( Fig. 3A and B) . This suggested that Substance P and CGRP, released from sensory C-fibers by chemical stimulation with capsaicin, activated NK 1 and CGRP receptors on mast cells, eliciting their degranulation and the release of renin, followed by local RAS activation and ANG II-induced release of NE from sympathetic nerves.
Perfusion of guinea-pig hearts with the selective H 3 R agonist imetit (100 nM) prevented the capsaicin-induced increase in renin and NE overflow into the coronary effluent ( Fig. 3A and B ). This suggested that the activation of negatively modulatory H 3 -receptors, which are known to be expressed on sensory C-fibers (Imamura et al., 1996) , attenuated the release of neuropeptides from sensory nerves, thus diminishing mast cell degranulation, preventing the release of mast cell renin and local RAS activation, consequently diminishing NE release from sympathetic nerves.
In contrast, perfusion of guinea-pig hearts with the selective AT 1 -receptor antagonist EXP3174 (10 nM), prevented only the capsaicin-induced increase in NE overflow, but not that of renin ( Fig. 3A and B ). This suggested that while capsaicin still elicited the neuropeptide-induced release of mast cell renin, and the consequent activation of a local RAS culminating in ANG II formation, NE failed to be released from sympathetic nerves due to blockade of neuronal AT 1 -
receptors.
This article has not been copyedited and formatted. The final version may differ from this version. Reactive oxygen species (ROS) generated during ischemia/reperfusion (Vanden Hoek et al., 1996; Vanden Hoek et al., 1998; Eaton et al., 1999) are known to provoke the release of neuropeptides from sensory nerves (Chiao and Caldwell, 1996; Källner et al., 1998; Trevisani et al., 2007) . Hence, we next investigated the coronary overflow of CGRP, Substance P, renin and NE in isolated guinea-pig hearts subjected to 20-min global ischemia followed by 30-min reperfusion. During the initial two minutes of reperfusion the overflow of CGRP and Substance P increased ~8-10 folds above pre-ischemic control ( Fig.   5A and C) . Furthermore, the overflows of renin and NE also increased during reperfusion, ~10 and ~75 fold, respectively ( Fig. 6B and C) . Severe arrhythmias, such as ventricular tachycardia (VT) and ventricular fibrillation (VF) invariably occurred during reperfusion. Their incidence was 100% and their duration was ~500 seconds (Fig. 6A ). Other guinea-pig hearts were perfused with the CGRP and Substance P receptor antagonists CGRP 8-37 (100 nM) and CP99994 (100 nM) in combination and then subjected to ischemia/reperfusion. In the presence of the neuropeptide receptor antagonists, renin and NE overflows were reduced by ~70 and ~50%, respectively, and there was also a ~70% decrease in the duration of VT/VF (Fig. 6 ). In contrast, the neuropeptide receptor antagonists did not affect the overflow of Substance P and CGRP (compare panels A and C with panels B and D in Fig. 5 ), demonstrating that the decreased release of renin and Toxic aldehydes generated in ischemia/reperfusion elicit the release of Substance P from sensory nerves, renin from mast cells and NE from sympathetic nerves.
Notably, the amounts of neuropeptides (i.e., Substance P and CGRP)
released by ischemia/reperfusion in the isolated heart were comparable to the amounts released by capsaicin (compare panels A and B in Fig. 2 with panels A and C in Fig. 5 ). Yet, the amounts of renin and NE released during ischemia/reperfusion were much higher than those released by capsaicin (compare Fig. 3 with Fig. 6 ). This suggested the involvement in ischemia/reperfusion of factors releasing renin and NE directly from mast cells and sympathetic nerve endings, respectively, in addition to a neuropeptidereleasing action on sensory nerve terminals. Accordingly, we tested whether acetaldehyde, one of the toxic aldehydes known to be produced in ischemia/reperfusion (Deyl and Miksik, 1994), might release not only neuropeptides from sensory nerves, but also renin from mast cells and NE from sympathetic nerves. We found that acetaldehyde, at concentrations known to be reached in the ischemic/reperfused heart (Cordis et al., 1994) , elicited a ~4-fold JPET #172262
18 increase in Substance P release and a ~10-30% increase in NE release from cardiac synaptosomes ( Fig. 7A and C) , a preparation containing both sensory and sympathetic nerve endings (Seyedi et al., 1999) . Acetaldehyde also elicited a 25-35% increase in renin release from cultured mast cells (Fig. 7B) . Thus, it is likely that in the context of ischemia/reperfusion oxygen radicals and toxic aldehydes contribute in various ways to the release of renin and NE, ultimately causing severe arrhythmic dysfunction.
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Discussion
Our results identify an important interaction between sensory C-fibers and cardiac mast cells in ischemia/reperfusion causing the activation of a local cardiac RAS which culminates in severe arrhythmic dysfunction. This conclusion is based on the following morphological and pharmacological findings: 1)
Sensory nerves expressing Substance P are juxtaposed to renin-containing cardiac mast cells; 2) Chemical stimulation of sensory C-fibers with capsaicin in the Langendorff-perfused guinea-pig heart induces the release of CGRP and Substance P; 3) the release of CGRP and Substance P is accompanied by an increase in the overflow of renin and NE; 4) the capsaicin-induced release of renin and NE is prevented by mast cell stabilization, by blockade of Substance P and CGRP receptors and by activation of histamine H 3 -receptors; 5) AT 1 -receptor blockade prevents the capsaicin-induced release of NE, but not the release of renin; 6) Substance P causes degranulation of human mast cells in culture and elicits renin release, an action prevented by NK 1 -receptor blockade; 7) ischemia/reperfusion in isolated guinea-pig hearts elicits the release of Substance P and CGRP, which is accompanied by an increase in the overflow of renin and NE and by sustained reperfusion arrhythmias; 8) blockade of NK 1 -and CGRP-receptors markedly reduces the release of renin and NE in the isolated guinea-pig heart subjected to ischemia/reperfusion and greatly shortens the duration of reperfusion arrhythmias, without affecting the release of Substance P and CGRP.
This article has not been copyedited and formatted. The final version may differ from this version. (Lorenz et al., 1998 )(see also Fig.4 ). Since cardiac mast cells contain renin (Silver et al., 2004 ) that can be released in active form in ischemia/reperfusion (Mackins et al., 2006) , and cardiac mast cells are closely associated with neuronal terminals (Silver et al., 2004) , we hypothesized that neuropeptides released from sensory C-fibers could play a role in the release of mast cell renin in ischemia/reperfusion and the consequent activation of a local RAS. We found that when the release of neuropeptides was prevented by activating heteroinhibitory histamine H 3 -receptors on sensory C-fiber endings (Imamura et al., 1996) Indeed, the neuropeptide-releasing effect of capsaicin, which we previously found to be inhibited by H 3 -receptor activation (Imamura et al., 1996) , we now find to be associated with the release of cardiac renin, an effect again blocked by H 3 -receptor activation. Notably, the capsaicin-induced release of renin was prevented not only by pharmacological mast cell stabilization with cromolyn, but also by precluding the effects of CGRP and Substance P via blockade of their receptors. Collectively, these findings indicate that the release of cardiac renin via sensory C-fiber stimulation entails an intermediate step, represented by renincontaining mast cells degranulated by C-fiber-derived neuropeptides. This notion is supported by the finding that Substance P elicited degranulation of isolated mast cells in culture which was associated with renin release and was prevented by Substance P receptor blockade.
Chemical stimulation of cardiac sensory C-fibers with capsaicin resulted also in the release of NE. We had previously demonstrated that neuropeptides liberated by stimulation of sensory nerves can elicit the release of NE from cardiac sympathetic nerves by activating neuronal CGRP-and NK 1 -receptors (Seyedi et al., 1999 ROS and toxic aldehydes generated during ischemia/reperfusion (Vanden Hoek et al., 1996; Vanden Hoek et al., 1998; Eaton et al., 1999) are known to elicit Substance P and CGRP release from sensory nerves (Chiao and Caldwell, 1996; Källner et al., 1998; Trevisani et al., 2007) . Having established that chemical stimulation of sensory C-fibers with capsaicin elicits the release of CGRP and Substance P from sensory nerves, which then promote mast cell renin release and the activation of a local RAS, we next questioned whether the same series of events would occur in ischemia/reperfusion. We found that the overflow of CGRP and Substance P was markedly increased at reperfusion following a period of ischemia and this was associated with a ~15-and ~100-fold increase in renin and NE overflow, respectively, and sustained VT/VF. Notably, blockade of CGRP-and NK 1 -receptors with CGRP 8-37 and CP99994 markedly reduced the overflow of renin and NE, and significantly shortened the duration of Based on the findings of the present study and previous evidence from other laboratories (Chiao and Caldwell, 1996; Trevisani et al., 2007) , we propose that analogous to chemical stimulation with capsaicin ( Figure 8A ), ROS and reactive aldehydes generated during ischemia/reperfusion evoke neuropeptide release from sensory C-fibers ( Figure 8B ). These neuropeptides activate CGRPand NK 1 -receptors on adjacent mast cells evoking their degranulation and thus, renin release, RAS activation and local ANG II formation. ANG II then activates AT 1 -receptors on sympathetic nerve terminals eliciting NE release. Sudden cardiac death-type arrhythmias are generated by the combined arrhythmogenic actions of NE and ANG II. The fact that VT/VF was seen only at reperfusion of ischemic hearts, but not in hearts administered capsaicin, is most likely related to the fact that hearts subjected to ischemia/reperfusion released ~5-and ~2.5-fold
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at ASPET Journals on July 7, 2017 jpet.aspetjournals.org Downloaded from more renin and NE, respectively, than capsaicin-treated hearts. We interpret these findings as an indication that ROS and toxic aldehydes generated in ischemia/reperfusion, in addition to releasing mast cell-degranulating neuropeptides from sensory nerves (Chiao and Caldwell, 1996; Källner et al., 1998; Trevisani et al., 2007) as capsaicin does, degranulate mast cell directly (Henderson et al., 1980; Mannaioni et al., 1988; Yoshimaru et al., 2006) and also evoke NE release from sympathetic nerve terminals (Chahine et al., 1991) as demonstrated in Fig. 7 . It is also important to consider that ANG II (Weiss et al., 2001; Raizada et al., 2007) and monoamine oxidases (Kaludercic et al., 2010) represent additional sources of ROS and thus may contribute to the overall release of neuropeptides, renin and NE.
Interestingly, infusion of exogenous CGRP in dogs results in a positive inotropic effect attributable to the accumulation of cardiac interstitial NE (Katori et al., 2005) . In view of our findings, it is conceivable that by eliciting the release of mast cell renin, CGRP activated a local RAS leading to an ANG II-induced release of NE, its accumulation in the interstitium and the development of a positive inotropic response. On the other hand, it is also plausible that by activating mast cells, neuropeptides may contribute to the onset and/or progression of heart failure (Stewart, Jr. et al., 2003; Reid et al., 2007) .
In conclusion, we present data supporting the hypothesis that an important link exists in the heart between sensory C-fibers and renin-containing mast cells.
In ischemia/reperfusion, toxic aldehydes and ROS elicit the release of mast celldegranulating neuropeptides from sensory nerves, thus provoking renin release perfused for 6 min alone (n=8) or in the presence of the mast cell stabilizer cromolyn (300 µM, n=5), the NK 1 -receptor antagonist CP99994 (Anti-SP; 100 nM, n=5), the CGRP-receptor antagonist CGRP 8-37 (Anti-CGRP; 100 nM, n=3), the H 3 -receptor agonist imetit (100 nM, n=6) or the ANG II AT 1 -receptor antagonist EXP3174 (10 nM, n=4). Control bars (means ± SEM; n=31). Basal release of NE was 0.69 pmol/g. *p<0.05, **p<0.01, from capsaicin alone by oneway ANOVA followed by Dunnett's post-test analysis. 
